The localization of certain mRNAs to dendrites and their local translation in synaptic regions are proposed to be involved in certain aspects of synaptic plasticity. A cis-acting element within the 3 untranslated region (3 UTR) of the targeted mRNAs, which is bound by a trans-acting RNA-binding protein, controls the dendritic mRNA localization. Here, we identified hematopoietic zinc finger (Hzf) as a trans-acting factor that regulates the dendritic mRNA localization of the type 1 inositol 1,4,5-trisphosphate receptor (IP3RI), a dendritically localized mRNA in cerebellar Purkinje cells, via binding to the 3 UTR. In Hzf-deficient mice, the dendritic localization of IP3RI mRNA and brain-derived neurotrophic factorinduced IP3RI protein synthesis in the cerebellum were impaired. These findings suggest that Hzf is an RNA-binding protein that controls the dendritic mRNA localization and activity-dependent translation of IP3RI, and may be involved in some aspects of synaptic plasticity.
I
nterest in mRNAs that localize to the dendrites of neuronal cells is increasing. Dendritic mRNAs are thought to be locally translated in response to synaptic activities (1) (2) (3) , and local protein synthesis is thought to modify the molecular composition and structure of specific populations of synapses, thereby establishing certain aspects of synaptic plasticity. Indeed, protein synthesis in the postsynapse has been shown to be required for long-term potentiation (LTP) and long-term depression (LTD) in the hippocampus (4, 5) .
Most previous studies have focused on the role of the 3Ј UTR in dendritic mRNA localization in the hippocampus. The 3Ј UTRs of ␣-CaMKII and MAP2 mRNA have been shown to contain cis-elements that are required for the dendritic localization of these transcripts (6) (7) (8) (9) (10) . Furthermore, the localization of ␤-actin mRNA in developing neurites and growth cones has been reported to require an interaction between a sequence known as a ''zipcode'' in the 3Ј UTR and zipcode-binding protein 1 (ZBP1), a neuronal RNA-binding protein (11) (12) (13) . Taken together, these findings indicate that RNA-binding proteins that specifically recognize sequences in 3Ј UTRs are likely to play an important role in dendritic mRNA targeting and͞or local translation in neuronal cells. Therefore, we investigated the role of other neuronal RNA-binding proteins in dendritic mRNA localization͞translation.
IP 3 RI mRNA is a dendritically localized mRNA (14) . IP 3 RI is an intracellular Ca 2ϩ -release channel that is predominantly expressed in cerebellar Purkinje cells (15) and is required for the induction of cerebellar LTD (16) , which is thought to be the cellular basis for motor learning and motor coordination in the cerebellum (17) . In this study, we demonstrated that the 3Ј UTR of IP 3 RI mRNA is required as a cis-element for its dendritic localization and then identified Hzf as a trans-acting factor. Hzf protein, which was highly expressed in cerebellar Purkinje cells, associated with IP 3 RI mRNA by binding to the 3Ј UTR. Moreover, dendritic IP 3 RI mRNA in Purkinje cells and BDNF-induced protein synthesis were both reduced in Hzfdeficient mice. These findings suggest that the Hzf protein is required as a trans-acting factor for the dendritic targeting of IP 3 RI mRNA and activity-dependent protein synthesis in cerebellar Purkinje cells and that such posttranscriptional regulation of neuronal processes may contribute to synaptic plasticity and motor learning in the cerebellum.
Materials and Methods
Studies of Primary Cell Cultures. To make the EGFP-fusion constructs, various forms of IP 3 RI mRNA were inserted into a pEGFP-C1 vector (Clontech). For the hippocampal cell cultures, cells dissected from the hippocampi of postnatal day 0 (P0) mouse pups were cultured in Neurobasal medium (Sigma) containing 2% B27 (Invitrogen) for 6 days and then transfected with lipofectamine 2000 (Invitrogen). After 2 days, the cells were analyzed by in situ hybridization. For quantitative analysis, we counted a neuron in which dendritic signals were clearly detected at a distance of more than the diameter of one cell body from the proximal end as a ''positively localized cell'' based on a definition given by Blichenberg et al. (7, 8) .
RNA-Binding Assays. For the UV cross-linking assay, a 32 P-labeled probe (1 ϫ 10 4 cpm) was incubated at room temperature with 0.5 g of Hzf recombinant protein in 10 l of a solution containing 50 mM Tris⅐HCl (pH 7.5), 60 mM KCl, 20% glycerol, and 5ϫ Denhardt's solution, for 30 min. In addition to full-length IP 3 RI 3Ј UTR, the various fragments of the 3Ј UTR described in Fig.  3A , constructed by PCR with a 5Јprimer containing the T3 promoter sequence, were used in this assay. Irradiation was carried out on ice for 5 min, and unbound RNAs were then degraded by incubation with 1 mg͞ml RNase A. The UV cross-linked RNA-protein complexes were separated by SDS͞ 12% PAGE. To quantify the RNA-binding abilities of Hzf, a gel retardation assay was performed. Briefly, the 32 P-labeled probe (1 ϫ 10 4 cpm) was incubated at room temperature for 30 min with various amounts of the His-Hzf protein. After the incubation, the mixtures were immediately separated by 6% PAGE.
Northern Blot Analysis. Total RNAs extracted with TRIzol Reagent (GIBCO͞BRL) were separated by electrophoresis in a 1.0% formamide agarose gel and blotted onto hybridization transfer membranes (GeneScreen Plus, NEN). A randomprimed probe was generated by using a Random Primed DNA labeling kit (Roche Molecular Biochemicals). Hybridization was performed overnight at 42°C in a solution containing 5ϫ standard saline phosphate͞EDTA (0.18 M NaCl͞10 mM phosphate, pH 7.4͞1 mM EDTA) (SSPE), 50% formamide, 5ϫ Denhardt's solution, 0.5% SDS, 0.1 mg͞ml salmon sperm DNA, and 1-2 ϫ 10 6 cpm͞ml 32 P-labeled probe.
In For immunohistochemistry, the dewaxed and dehydrated paraffin sections were washed in PBS and permeabilized with 0.3% Triton-X͞PBS. Immunostaining was carried out by using the following primary antibodies: anti-Hzf (1:100) and anti-IP 3 RI monoclonal antibody 18A10 (1:200). The sections were visualized by Cy3-or FITC-labeled secondary antibodies, or by the TSA Fluorescien System (PerkinElmer⅐), followed by reaction with biotin-conjugated secondary antibodies (1:500, Jackson ImmunoResearch).
Immunoprecipitation and RT-PCR. Adult mouse cerebella were homogenized in NET-Triton (50 mM Tris⅐HCl, pH 7.5͞20 mM MgCl 2 ͞1% Triton-X). Nuclei were removed by centrifugation, and the supernatant was precleared with protein A-Sepharose (Amersham Pharmacia) for 1 h at 4°C, followed by incubation with anti-Hzf antibody (1:200) and protein A-Sepharose. After five washes with cold NET-Triton, samples were resuspended in DNase buffer (50 mM Tris⅐HCl, pH 7.5͞6 mM MgCl 2 ) containing 20 units of DNase I and 20 units of RNasin (Promega). For RT-PCR, cDNAs were synthesized by the Superscript Preamplification System (Gibco͞BRL), and amplified by PCR. 3Ј RACE was performed by using a Marathon cDNA Amplification kit (Clontech). 
Results

The 3 UTR of IP3RI mRNA Serves as a Cis-Element Localizing Transcript.
First, to determine whether IP 3 RI mRNA contains a dendritic targeting element in its 3Ј UTR (similar to other transcripts identified in neurons, like ␣-CaMKII, MAP2, and ␤-actin mRNAs), we transfected chimeric gene expression vectors in which the EGFP coding sequence was fused to the 3Ј UTRs of IP 3 RI mRNA or the coding regions at the C terminus (Fig. 1A) into cultured hippocampal neurons, and the distribution of EGFP mRNA was analyzed by in situ hybridization using an antisense probe targeting the EGFP coding sequence. As illustrated in Fig.  1 A, two variants of the IP 3 RI 3Ј UTR, LF and SF, with alternative polyadenylation signals were identified (15) . SF 3Ј UTR is a short splicing form lacking Ϸ700 bp at the 3Ј end. Chimeric EGFP transcripts carrying the entire 3Ј UTR (EGFP-LF 3Ј UTR) were significantly localized to the dendritic processes (34.3 Ϯ 7.3%, P Ͻ 0.01; Fig. 1B and Fig. 6 , which is published as supporting information on the PNAS web site), compared with EGFP mRNA (9.3 Ϯ 3.3%, Figs. 1B and 6 A and B). The EGFP-SF 3Ј UTR mRNA was also distributed to the dendrites (22.2 Ϯ 3.3%, P Ͻ 0.05; Figs. 1B and 6B) but with a lower efficiency compared with the EGFP-LF 3Ј UTR mRNA. The low percentage of cells showing dendritic labeling may be partly caused by the presence of a heterogeneous cell population in cultures. In contrast, the EGFP-chimerical constructs encoding fragment 1 (F1) and F2 coding mRNAs (F1, 5452-8248 bp; F2, 6912-8248 bp) were not localized to the dendrites (9.6 Ϯ 6.1%, 12.0 Ϯ 0.9%, respectively). These results suggested that 3Ј UTR of IP 3 RI mRNA is required for its dendritic targeting and that the entire 3Ј UTR is required to maximize the efficiency IP 3 RI mRNA trafficking to the dendrites of hippocampal neurons.
Identification of a Trans-Acting Factor Binding to the 3 UTR of IP3RI
mRNA. Based on the finding demonstrated in Fig. 1 , we screened a mouse cerebellum cDNA expression library for trans-acting factor(s) using the entire 3Ј UTR sequence as a probe (see Supporting Text, which is published as supporting information on the PNAS web site). One putative positive clone was isolated from the 6 ϫ 10 5 clones that were screened. An NCBI database search using BLAST revealed this gene to be hematopoietic zinc finger (Hzf ), which encodes a protein containing three C2H2-type zinc finger motifs (see Fig. 7A , which is published as supporting information on the PNAS web site). Hzf was recently shown to be expressed predominantly in megakaryocytes and CFU-GEMMs during hematopoietic development (18) . However, its expression and function within the nervous system have not been characterized.
Similarity of Hzf mRNA and IP3RI mRNA Distributions in Adult Mouse
Brain. To determine the expression pattern of the Hzf gene, we conducted Northern blot analyses and in situ hybridization in the adult mouse. A major 2.5-kb transcript was distinctly detected in samples from the brain and testis ( Fig. 2A) . In situ hybridization analysis showed that Hzf mRNA was expressed in the olfactory bulb, cerebral cortex, hippocampus, and cerebellum (Fig. 2B) . Within the adult cerebellum, the most prominent expression site was observed in Purkinje cells (Fig. 2 C and D) , which are also the site of the strongest IP 3 RI expression (14, 15) . In addition to Purkinje cells, Hzf mRNA was observed in the satellite or basket cells of the molecular layer of the cerebellum. These results indicated that IP 3 RI and Hzf transcripts have similar expression profiles in the adult mouse brain.
Localization of Hzf Protein to the Dendrites of Cerebellar Purkinje
Cells. To investigate the subcellular localization of the Hzf protein, we generated an anti-Hzf polyclonal antibody against the N-terminal side ( Fig. 7 A and B, see Supporting Text) . A Western blot assay of total brain, cerebellum, and testis extracts revealed three main bands at Ϸ43, 46, and 48 kDa (Fig. 8A , which is published as supporting information on the PNAS web site). The staining pattern in the adult mouse brain sections using this antibody corresponded closely to the distribution of Hzf mRNA (Fig. 8B) . Double-immunostaining in the cerebellum with the anti-Hzf antibody and an anti-IP 3 RI monoclonal antibody (18A10) that selectively stains Purkinje cells within the cerebellum (19) revealed that Hzf protein was detected in both the dendrites and the cell bodies of Purkinje cells (Fig. 2E) . Dendritic localization of the Hzf protein was also observed in the hippocampal neurons of the CA1 and CA2 regions (Fig. 8C) .
Binding of Hzf Protein to the 3 UTR of IP3RI mRNA in Vitro. To verify that the Hzf protein binds directly to the 3Ј UTR of IP 3 RI mRNA, various recombinant Hzf proteins illustrated in Fig. 8A were expressed in bacterial cells (Fig. 7C , see Supporting Text); their RNA-binding activities were then examined by using a UV cross-linking assay with the radiolabeled full-length 3Ј UTR of IP 3 RI mRNA. His-Hzf and GST-⌬Zn1 bound to the 3Ј UTR of IP 3 RI mRNA, whereas GST-⌬Zn2,3 and GST-⌬Zn3 did not (Fig. 7D) . These results indicated that the third zinc-finger, in particular, is essential for the RNA-binding activity. To determine which regions in the IP 3 RI 3Ј UTR were involved in the Hzf-binding, we performed UV cross-linking assays using the various IP 3 RI 3Ј UTR RNA fragments shown in Fig. 3A as probes. Hzf most strongly interacted with the sequence of F2 (218-455 bp), which is just upstream of the first polyadenylation signal sequence (Fig. 3B Left) . UV cross-linking and RNA gel retardation assays using various F2 RNA fragments revealed that Hzf bound to F2-2 (261-309 bp) with the highest affinity (Fig. 3 B Right and C) . The K d was Ϸ30 nM (in the presence of 200 mM KCl).
In Vivo RNA-binding Ability of Hzf Protein. To determine whether the Hzf protein is associated with IP 3 RI mRNA in vivo, extracts of adult mouse cerebellum were immunoprecipitated with the anti-Hzf polyclonal antibody (Fig. 8D) . RNAs contained in the immunoprecipitates were reverse-transcribed and amplified by PCR using specific primers for the IP 3 RI 3Ј UTR (F2 and F4), ␤-actin, and pcp-2 (L7). Pcp-2 is a representative mRNA known to be localized in the dendrites of Purkinje cells (20) . Whereas neither ␤-actin nor pcp-2 was amplified from the immunoprecipitates, IP 3 RI transcripts were highly detected in an reverse transcription-dependent manner (Fig. 3D) . We also performed 3ЈRACE with poly(A) RNAs from the immunoprecipitates to detect the different 3Ј UTR lengths of the two variants, LF and SF. Both variants were amplified in this experiment (Fig. 3E) . Furthermore, double immunocytochemistry followed by fluorescence in situ hybridization of the EGFP-IP 3 RI 3Ј UTR mRNA showed the colocalization of this mRNA with endogenous Hzf protein in MAP2-positive hippocampal dendrites (Fig. 7E) . Consistent with the results of the in vitro RNA-binding experiments demonstrated in Fig. 3 A-C, these results indicated that the Hzf protein selectively associates with both forms of IP 3 RI mRNA in vivo, although we cannot exclude the possibility that other mRNAs may also be bound by Hzf.
Disrupted Dendritic Localization of IP3RI mRNA in Cerebellar Purkinje
Cells of Hzf-Deficient Mice. Next, we used loss-of-function studies to investigate the in vivo function of Hzf. Hzf-mutant mice exhibit a pronounced tendency to rebleed and have low levels of ␣-granule substances in both their megakaryocytes and their platelets (21) . To confirm the role of Hzf as a trans-acting factor for the dendritic mRNA localization of IP 3 RI, we investigated the subcellular localization and the levels of IP 3 RI transcripts in these mutant mice. We first confirmed that endogenous Hzf protein was completely absent in Hzf-mutant mice (Fig. 9 A and B, which is published as supporting information on the PNAS web site). The cerebellum of Hzf-mutant mice was normal in size, foliation, and trilaminar structure (data not shown).
However, in situ hybridization showed that the level of IP 3 RI mRNA in the molecular layer was remarkably reduced in the cerebellum, whereas IP 3 RI mRNA appeared to be normally expressed in other regions, including the cell bodies of Purkinje cells (Fig. 4 A and B) , indicating that the dendritic IP 3 RI mRNA of Purkinje cells was specifically decreased in the Hzf-mutant mice. A quantitative analysis revealed that the level of IP 3 RI mRNA in the molecular layer of the mutant mice was significantly reduced (22.6 Ϯ 6.8%, P Ͻ 0.01; Fig. 4C Center) . In contrast, no significant difference in the amount of IP 3 RI mRNA in the Purkinje cell layer was seen between the wild-type and mutant mice (Fig. 4C Left) . In the mutant mice, the mRNA level in the molecular layers normalized to that in the Purkinje cell layer was also Ͻ30% of that in wild-type mice (28.9 Ϯ 9.5%, P Ͻ 0.01; Fig. 4C Right) . In addition, a Northern blot analysis using total RNAs extracted from the cerebellum showed that the lack of Hzf protein did not significantly affect the overall levels of IP 3 RI transcripts (Fig. 9 B and C) .
To confirm that Hzf functions as a trans-acting factor for the dendritic mRNA localization of IP 3 RI, we analyzed the distribution of exogenously expressed EGFP mRNA fused to the 3Ј UTR of IP 3 RI in cultured hippocampal neurons from Hzfmutant mice by using the protocol described in Fig. 1 . The localization efficiency of the EGFP-IP 3 RI 3Ј UTR mRNA in the mutant mice was significantly lower than that in the wild-type mice (P Ͻ 0.05; Fig. 4D, open bar) . We then examined whether these low efficiencies observed in the Hzf-mutant neurons would recover under rescue conditions produced by the cotransfection of Hzf expression vectors driven by the CMV promoter. When cultured hippocampal neurons from Hzf-mutant mice were cotransfected with the Hzf expression vector, EGFP-IP 3 RI 3Ј UTR mRNA became strongly localized to the dendrites, compared with its localization in untransfected Hzf-mutant neurons (P Ͻ 0.02; Fig. 4D , shaded bar). Taken together, these observations suggested that Hzf plays an important role in the dendritic targeting of IP 3 RI mRNA via binding to the 3Ј UTR.
Posttranscriptional de Novo IP3RI Protein Synthesis Promoted by
BDNF. We finally examined whether IP 3 RI protein expression was disturbed in the Hzf-mutant mice in a manner similar to its altered mRNA expression profile. Large RNA granules containing dendritic mRNAs docked near postsynaptic sites have been suggested to serve as local storage sites, where the mRNA is in a state of translational arrest (22) . Therefore, the majority of dendritic IP 3 RI mRNAs might reside in dendritic processes in a state that enables them to be translated in an activity-dependent manner. To address this possibility, we investigated activity-dependent IP 3 RI protein synthesis using metabolic pulse labeling in cerebellar slices stimulated with BDNF, which induces the local translation of dendritic mRNA (3). IP 3 RI and ␣-tubulin proteins were immunoprecipitated from [ 35 S]methionine-labeled slices. As expected, the incorporation of [ 35 S]methionine into IP 3 RI increased significantly with BDNF treatment in the absence and presence of actinomycin D, an inhibitor of RNA polymerase II (1.83 Ϯ 0.38, 1.64 Ϯ 0.37, P Ͻ 0.03, respectively; Fig. 5 A and B Left) , whereas that into ␣-tubulin was not significantly affected ( Fig. 5 A and B Right) . These results suggested that stored IP 3 RI mRNA was actively translated in the cerebellum. Surprisingly, the BDNF-dependent protein synthesis of IP 3 RI was significantly reduced in the Hzf-mutant slices, compared with that in the wild-type slices (ϩ͞ϩ, 1.53 Ϯ 0.09; Ϫ͞Ϫ, 1.09 Ϯ 0.23, P Ͻ 0.03, in the presence of actinomycin D; Fig. 5 C and E) . In contrast, the level of de novo ␣-tubulin protein was not significantly affected (Fig. 5 C and E) . In addition, the basal level of de novo IP 3 RI protein synthesis without BDNF treatment was similar in the wild-type and mutant slices (Fig. 5D) . These results suggested that Hzf may be involved in the activity-dependent protein synthesis of IP 3 RI, in addition to its role in the dendritic targeting of IP 3 RI mRNA in Purkinje cells in vivo.
Discussion
Molecular Mechanism of Dendritic Targeting of IP3RI mRNA Regulated by Hzf. The results of the in situ hybridization studies using cultured hippocampal neurons expressing chimerical transcripts suggested that the 3Ј UTR of IP 3 RI mRNA plays an important role in the dendritic targeting of IP 3 RI mRNA. We also iden- tified the RNA-binding protein Hzf as one of the trans-acting factors. Hzf is strongly expressed in the brain, especially in the olfactory bulb, cortex, hippocampus, and cerebellum (similar to the expression profile of IP 3 RI), and is coimmunoprecipitated with IP 3 RI mRNA from cerebellar lysate. Furthermore, the dendritic localization of IP 3 RI mRNA is significantly reduced in Hzf-mutant mice, but the overexpression of exogenous Hzf restores this phenotype. These biochemical and loss-of-function studies demonstrated that Hzf regulates the dendritic targeting of IP 3 RI mRNA by binding directly to the 3Ј UTR of IP 3 RI mRNA in neurons. In particular, the 49-nt RNA fragment located upstream of the first polyadenylation signal (261-309 in 3Ј UTR) exhibited the highest affinity for Hzf protein in in vitro RNA-binding assays. Thus, this region may be at least one of the Hzf-binding sites.
An RNA-binding protein, the mammalian homologue of Staufen (mStau), has been suggested to be one of the proteins involved in mRNA transport into dendrites, because mStau localizes to the somatodendritic domain and colocalizes with a ribonucleoprotein complex in cultured hippocampal neurons (23) (24) (25) (26) . Similarly, we found that Hzf is localized to the somatodendritic region of cerebellar Purkinje cells and specific hippocampal neurons. Recently, a kinesin superfamily protein, KIF5, has been reported to transport RNA selectively to dendrites via large RNA granules; Hzf protein (ZFP385) was isolated from these KIF5-transporting RNA granules (27) . Furthermore, the 3Ј UTR of IP 3 RI mRNA is cotransported with SYNCRIP, one of the components of RNA granules, into the dendrites of cultured hippocampal neurons (28) . These reports suggest that both Hzf and IP 3 RI mRNA are components of the neuronal RNA granules. Therefore, we speculate that Hzf recruits IP 3 RI mRNA into large RNA granules via binding to the 3Ј UTR; these granules then remain in a translationally quiescent state while they are transported by motor proteins, such as KIFs, along the cytoskeletal structure and into the dendritic processes.
Activity-Dependent Translational Control of IP3RI by BDNF. Various dendritic mRNAs are known to be locally translated in an activitydependent manner (29) . In the present study, we biochemically demonstrated that BDNF promotes de novo IP 3 RI protein synthesis at the posttranscriptional level in the cerebellum and that this process was impaired in Hzf-mutant mice. BDNF leads to activitydependent RNA translation, perhaps by activating translation factors through extracellular signal-regulated kinase͞mitogen-activated protein kinase (ERK-MAPK) (30) or a mammalian target of the rapamycin-phosphatidylinosotol 3-kinase-dependent (mTOR-PI3K) pathway (31, 32) . How does the loss of Hzf lead to a reduction of the BDNF-induced translation of IP 3 RI? Neuronal RNA granules are thought to function as mRNA storage compartments equipped with translation machinery, in which the mRNA is under translational arrest but can be translated by reorganization of the RNA granules; stored mRNA and some translational components are then released in response to neuronal activity (22) . Because Hzf might play an important role in mRNA storage by incorporating mRNA into the neuronal RNA granules, the disruption of BDNF-induced IP 3 RI protein synthesis in Hzf-mutant mice is likely in part due to the absolute reduction of the stored IP 3 RI mRNA pool within the RNA granules.
Putative Role of Hzf in Cerebellar Function. BDNF induces local protein synthesis in cultured hippocampal neurons (3) and developing axons (33) . Recently, impairments in dendritic mRNA localization and activity-dependent protein synthesis have been shown to affect long-lasting forms of synaptic plasticity like latephase LTP, which is maintained for several hours (10, 30) . In contrast, early-phase LTP can be established in the absence of de novo mRNA and protein synthesis (34) . In addition, BDNF has been shown to play an important role in long-lasting synaptic plasticity in the hippocampus (35) . Therefore, Hzf may be involved in long-lasting synaptic plasticity in the cerebellum, possibly by controlling dendritic mRNA localization and activity-dependent translation. Interestingly, Hzf mutant mice exhibit tremors, ataxic gate, and poor motor performance in behavioral analyses despite the grossly normal morphology and cytoarchitecture of the cerebellum (unpublished data). Future studies including physiological and pharmacological analyses designed to assess late-phase synaptic plasticity in the cerebellum are warranted to reveal the biological significance of dendritic mRNA localization and translation in cerebellar learning and memory.
